H ormonal contraceptives are used by ≈80% of women in the United States during their lifetime, not only for the prevention of unintended pregnancy but also for medical indications, such as menorrhagia, dysmenorrhea, and sex hormone imbalances.
H ormonal contraceptives are used by ≈80% of women in the United States during their lifetime, not only for the prevention of unintended pregnancy but also for medical indications, such as menorrhagia, dysmenorrhea, and sex hormone imbalances. 1, 2 Hormonal contraceptives, often prepared as ethinyl estradiol and progestin combinations, are known to have unfavorable effects on the cardiovascular system with chronic use. 2 In addition to increased risk of arterial and venous thrombosis, one of the most common consequences is increased blood pressure with an elevated risk for the development of hypertension. 3 With long-term use of hormonal contraceptives, specifically combined oral contraceptives (OCs), systolic blood pressure has been shown to increase by ≈8 mm Hg on average in normotensive women 4 and in women with mild hypertension before initiation of OC use. 5 The pathogenesis of OC-induced hypertension is thought to be mediated by the effects of estrogens on the renin-angiotensinaldosterone system. 6 Because the sympathetic nervous system plays a vital role in blood pressure regulation, OCs may alter sympathetic control of blood pressure. Most studies have noted that there is no difference in human sympathetic nerve activity (measured as muscle sympathetic nerve activity [MSNA] ) at rest between the active-hormone pill phase and placebo pill phase of OC use. [7] [8] [9] In contrast, a recent study has suggested that MSNA is greater during the active pill phase of OC use. 10 This finding is analogous to the higher levels of MSNA seen during the luteal phase versus the follicular phase of women with natural menstrual cycles. 7, 11, 12 In general, studies on this topic are limited because they do not compare women taking OCs with a control group of women with natural menstrual cycles who are not taking OCs; and studies that have examined blood pressure in women before, during, and after OC use have not measured sympathetic nerve activity directly. 4, 13 In addition, sample sizes in previous studies have been small. Abstract-Endogenous female sex hormones influence muscle sympathetic nerve activity (MSNA), a regulator of arterial blood pressure and important factor in hypertension development. Although ≈80% of American women report using hormonal contraceptives sometime during their life, the influence of combined oral contraceptives (OCs) on MSNA and systemic hemodynamics remains equivocal. The goal of this study was to determine whether women taking OCs have altered MSNA and hemodynamics (cardiac output and total peripheral resistance) at rest during the placebo phase of OC use compared with women with natural menstrual cycles during the early follicular phase. We retrospectively analyzed data from studies in which healthy, premenopausal women (aged 18-35 years) participated. We collected MSNA values at rest and hemodynamic measurements in women taking OCs (n=53; 25±4 years) and women with natural menstrual cycles (n=74; 25±4 years). 
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In considering mechanisms for potential influences of OCs on blood pressure regulation, it is important to consider the effect of sex hormones on the relationships between MSNA and hemodynamic variables. Hart et al 14 reported that young premenopausal women (a cohort including some individuals taking OCs) did not demonstrate a relationship between MSNA and mean arterial pressure (MAP) or MSNA and total peripheral resistance (TPR). Conversely, in young men and older postmenopausal women, there is a positive correlation between MSNA and MAP, as well as MSNA and TPR. 15 These findings suggest that endogenous female sex hormones (estrogen and progesterone) influence blood pressure regulation and their absence may modulate hypertension risk. In this context, exogenous female sex hormones in the form of OCs could potentially alter these relationships and influence blood pressure regulation.
With this information as a background, our goal was to evaluate the effects of OCs on MSNA, MAP, TPR, and cardiac output (CO), as well as the relationships that exist between these variables in OC users. We hypothesized that MSNA and hemodynamics would be altered in women taking OCs, as would the relationships between MSNA and hemodynamic variables, in comparison with women with natural menstrual cycles who were not taking OCs. To minimize potential confounding effects of hormone fluctuations across the menstrual cycle, we studied women in either the early follicular (ie, the low-hormone) phase of the menstrual cycle or the placebo phase of OC use. We reasoned that this approach would give us comparable baselines between the 2 groups.
Methods
Study Design Overview
Data were retrospectively pooled from previous MSNA studies that took place at the following institutions: (1) Mayo Clinic, Rochester, MN [14] [15] [16] [17] [18] [19] ; (2) Michigan Technological University, Houghton, MI 8, 11, [20] [21] [22] [23] 24 ; and (4) University of Oregon, Eugene, OR. 9 These studies followed similar protocols with respect to microneurography technique and MSNA analysis. All studies were approved by their respective institutional review boards.
Subjects
Because the risk of adverse events with OC use increases with age, and use is not encouraged in women who are >35 years and have cardiovascular risk factors (eg, smoking, obesity, and diabetes mellitus), 25 we restricted our study participants to premenopausal women aged between 18 and 35 years. We initially identified 166 women to be included in this review. Individuals were excluded because of unknown OC status (n=8), age >35 years (n=7), a baseline data recording <5 minutes in duration (n=2), and duplicate subjects from different studies (n=12), in which case the first data recording was used or the most complete data file remained in our analysis. Four women taking nonoral forms of contraception (intrauterine device, n=1; transdermal patch, n=1; vaginal ring, n=2) were excluded, as were women using OC regimens that did not follow a 28-day cycle (ie, levonorgestrel-ethestra/ethinyl estradiol [Seasonique, n=1). Women who were not studied during the early follicular phase or the placebo phase of OC use were also excluded (n=5).
One hundred twenty-seven women, including 74 women with natural menstrual cycles who were not taking OCs and 53 women taking combined OCs at the time of study participation, were included in our analysis. Approximately 96% of subjects were white and the remainder were either black, Asian, or Hispanic. All women were nonpregnant, normotensive, nondiabetic, nonobese (body mass index <30 kg/m 2 ), nonsmokers, and free of cardiovascular and chronic diseases and hormonal disorders (eg, polycystic ovary syndrome). Subjects were not taking medications that acted on the cardiovascular, neurological, or renal systems, with the exception of OCs. Women with natural menstrual cycles were studied during the early follicular phase (low-hormone phase, days 2-6), and women taking OCs were studied during the placebo phase; this was confirmed by the start of menses 1 to 5 days before the study participation. We chose to study women during these phases of the menstrual cycle and OC use because of the varying influences of estrogen and progesterone on MSNA 7, 9, 11, 12 and cardiovascular factors, such as endothelial function, [26] [27] [28] [29] [30] across the menstrual cycle and during the different phases of OC use. In addition, both endogenous estrogen and progesterone concentrations are relatively low during these stages, in contrast to the luteal phase, during which plasma estrogen concentrations are moderate and plasma progesterone concentrations are high. [31] [32] [33] This is important as progesterone may antagonize estrogen's effects on the vasculature 26 or potentially have an independent influence on MSNA.
34,35
Study Protocol Standardization
All subjects provided written informed consent before study participation. Subjects refrained from alcohol, caffeine, and exercise for 12 to 24 hours before the study. Subjects who were studied in the morning underwent an overnight fast, and subjects who were studied in the afternoon underwent a 3-hour fast before participation (the vast majority of studies were conducted in the morning). Baseline measurements were collected across 5 to 10 minutes of recording after the subject had been resting quietly in the supine position for ≈30 minutes.
Measurement of Variables of Interest
Data pertaining to medical history and OC status were collected at the time of study screening. Blood pressure was measured continuously using a brachial artery catheter [14] [15] [16] [17] [18] [19] or a noninvasive finger photoplethysmography cuff 8, 9, 11, [20] [21] [22] [23] [24] to obtain a beat-to-beat blood pressure waveform. To establish baseline blood pressure for subjects in whom finger photoplethysmography was used, a brachial cuff pressure measurement was completed (an average of 3 measurements is reported). Heart rate was monitored using a standard 3-lead ECG. Multiunit MSNA was recorded by placing a tungsten microelectrode in the peroneal nerve at the fibular head. A reference electrode was placed subcutaneously ≈3 cm from the recording electrode. The recorded signal was amplified 80 000-to 100 000-fold, band-pass filtered (700-2000 Hz), rectified, and integrated (resistance-capacitance integrator circuit, time constant 0.1 s) by a nerve traffic analyzer. 36 MSNA variables are expressed as burst frequency (bursts/min) and burst incidence (bursts/100 heartbeats). Stroke volume (SV) was derived in subjects whose blood pressure was measured via a brachial artery catheter (n=55) using Modelflow analysis (Beatscope, Finapres) and reported in milliliters. CO was calculated as SV×heart rate/1000 and expressed in liters per minute, and TPR as MAP/CO and expressed in millimeter of mercury per liter per minute.
Blood samples were collected in a subset of women, and plasma norepinephrine and epinephrine concentrations were reported when available.
Data Analysis
Data were digitized then stored and analyzed on an offline computer. MSNA data were reviewed by a single reviewer at each institution either using customized software 8, 11, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] or manually. 9 Although specific details of MSNA analysis varied by institution, the general analytic approach was similar among research groups. Detection of MSNA bursts was based on amplitude, slope, and baroreflex latency. A 3:1 signal-to-noise ratio was used to confirm burst identification. All investigators were blinded to OC status during review and quantification of MSNA data. 
Statistical Analysis
Group demographics and data are reported as mean±SE. Demographic variables from the 2 groups were compared using the Student t test (SigmaPlot 12.0, Systat Software, San Jose, CA). MSNA, all hemodynamic variables, catecholamines, and sex hormone levels were also compared using the Student t test. Pearson correlation analysis was utilized to determine the correlation coefficient (r) between MSNA and the hemodynamic variables of MAP, TPR, and CO. A calculated P value of ≤0.05 was considered significant.
Results
Seventy-four women with natural menstrual cycles (non-OC) and 53 women taking OCs were included in our analysis. Demographic data for both groups are summarized in Table 1 . Age (P=0.60) and body mass index (P=0.11) were not different between the 2 groups.
Group data for baseline blood pressure (brachial cuff or brachial arterial catheter), heart rate, and MSNA are shown in Table 2 . Systolic (P<0.001), diastolic (P=0.05), and mean (89±1 versus 85±1 mm Hg, respectively; P=0.01) arterial pressures were greater in women taking OCs versus non-OC women. Pulse pressure (P<0.01) was also higher in women taking OCs. Heart rate was not different between the 2 groups (P=0.69). There were no significant differences in MSNA burst frequency (10±1 versus 11±1 bursts/min, respectively; P=0.25) or MSNA burst incidence (16±1 versus 18±1 bursts/100 heartbeats, respectively; P=0. 19 ) between OC and non-OC women (Figure 1) . SV, CO, and TPR were obtained in a subset of women in whom continuous blood pressure was measured using an intra-arterial brachial pressure transducer (n=22 for non-OC women and n=33 for OC women). All variables were found to be similar between the 2 groups (SV: P=0.94; CO: P=0.47; TPR: P=0.51; Table 3 ). Of note, in this subset of women, age was different (27±1 versus 24±1; non-OC versus OC, respectively; P=0.03) and MAP was similar (93±2 versus 91±2 mm Hg; P=0.052) in the groups (Table S1 in the online-only Data Supplement). By contrast, MSNA was different (22±2 versus 16±2 bursts/100 heartbeats; non-OC versus OC, respectively; P=0.03), but similar after adjusting for age (P=0.11).
Plasma norepinephrine (P=0.65) and epinephrine (P=0.74) levels, available in 22 non-OC women and 29 OC women, did not differ between groups (Table 4) . No relationships existed between MSNA burst incidence and norepinephrine or epinephrine. Plasma estradiol and progesterone levels, available in 43 non-OC women and 19 OC women, were not different between the 2 groups (P=0.65 and P=0.09, respectively).
The relationship between MSNA burst incidence and MAP is shown in Figure 2 . There was a weak, but significant, positive correlation between these 2 variables in women with natural menstrual cycles (r=0.27; R 2 =0.073; P=0.02), whereas there was no relationship between these variables in women taking OCs (r=0.21; R 2 =0.044; P=0.13). The relationships between MSNA and CO and MSNA and TPR are shown in Figure 3 . There was no correlation between MSNA and CO in either group of women (non-OC: r=−0. 09 
Discussion
The major new findings of the present study are that MSNA, CO, and TPR at rest did not differ between women with natural menstrual cycles and women who take OCs during the low-hormone phase of the menstrual cycle and placebo phase of OC use. Our present analysis also provides novel mechanistic insight into sympathetic regulation of blood pressure in young women by reporting on the associations between MSNA and the hemodynamics of MAP, CO, and TPR in OC users and naturally cycling women. We saw evidence of divergent relationships between blood pressure and MSNA in normal cycling women versus women taking OCs. In addition, MSNA was similar between the 2 groups; however, blood pressure was higher in women taking OCs. Because OCs are known to activate the renin-angiotensinaldosterone system, our findings suggest that OC use limits the ability of baroreceptors to lower MSNA in the face of increased blood pressure. We saw no significant relationships between MSNA and CO or MSNA and TPR in either group. As others have previously reported, 4, 5 we observed that blood pressure was significantly higher in OC users versus OC nonusers. Some of the fourth-generation OCs, such as Ocella, Yaz, and Yasmin, have the potential to counteract blood pressure elevation, as they contain the progestin drospirenone, which has antimineralocorticoid activity. In women who take these OC formulations, blood pressure does not change or may slightly decrease. 39, 40 In our cohort, 6 women were taking such OCs at the time of being studied, and indeed, there was a tendency for women taking drospirenone-containing OCs to have a lower MAP than women taking other types (n=46) of OCs (83±3 versus 90±1 mm Hg; P=0.06). In addition, in our data set, a subanalysis by OCP formulation (monophasic, diphasic, versus triphasic) showed no differences in blood pressure, MSNA, and heart rate, suggesting that these OCP types do not have differential effects in this particular group of women (Table S2) . SV was significantly greater in women taking triphasic OCPs than in women taking monophasic OCPs (P<0.05), but there were no significant differences in CO and TPR.
Our study did not examine the effects of hormonal contraceptives administered through nonoral routes. The vaginal ring contraceptive, for example, has been associated with elevated diastolic and mean blood pressures 41 ; however, its effect on the sympathetic nervous system has never been studied. We also did not include women who took progestin-only contraceptive formulations in our analysis. Progestin-only pills have not been associated with increased blood pressure in normotensive women, 42 and it is unknown whether they would be associated with changes in MSNA.
We hypothesized that MSNA at rest would be influenced by OC use for 2 main reasons. First, MSNA is greater in young men and older postmenopausal women than in young women, 14 suggesting an inhibitory influence of female sex hormones on tonic levels of sympathetic activity. Higher concentrations of endogenous female sex hormones, particularly estrogen and progesterone, are thought to be protective to the cardiovascular system and reduce a young woman's risk of hypertension. Androgens can also influence this risk and should also be taken into consideration, as evidence suggests that elevated androgen levels in women may be detrimental to the cardiovascular and endocrine systems. 43 Simultaneously and somewhat paradoxically as noted above, it is known that OC use increases an individual's risk for hypertension. 1 Female reproductive hormones (particularly estrogens) can promote both systemic vasodilation via enhanced nitric oxide synthesis (which would lower blood pressure) and expand plasma volume (which could increase blood pressure). 44 OCs (combined estradiol and progesterone formulations) also are known to upregulate the renin-angiotensin-aldosterone system to increase angiotensinogen, angiotensin II, and aldosterone levels, as well as plasma renin activity and renal vascular resistance, resulting in increased blood pressure. 45, 46 Progesterone alone, depending on the type of vessel and strength of exposure, may cause vasoconstriction or vasodilation. 47 For example, physiological concentrations of progesterone can oppose estrogen's vasodilating effects on the endothelium when measured via flow-mediated dilation. 48 It is important to note that synthetic progestins have activity not only at the progesterone receptor but also at other steroid receptors to have androgenic, glucocorticoid, antiandrogenic, and antimineralocorticoid effects. A progestin's influence on blood pressure regulation will be highly dependent on its composition and concentration. As discussed above, OCs containing the progestin drospirenone, which has high antimineralocorticoid activity, will promote urinary loss of water and sodium and thereby reduce blood pressure. 49 Taken together, the volume expanding effects of OCs and the resultant effects on blood pressure seem to predominate. In contrast to our findings, we initially hypothesized that resting MSNA might be different between OC users and nonusers was based on evidence that MSNA fluctuates across the menstrual cycle. Specifically, our rationale for this hypothesis was that MSNA is often higher in the midluteal phase of the menstrual cycle (when both endogenous estrogen and progesterone concentrations are relatively high) in normally menstruating women, a finding that seems to be partially dependent on endogenous levels of estradiol and progesterone. 11, 12 However, previous data on the influence of OCs on MSNA have been conflicting. With the exception of 1 report, 10 studies have noted no difference in MSNA at rest between the placebo pill phase and active pill phase of OC use, [7] [8] [9] which is in agreement with reports that blood pressure does not decrease during the placebo phase of OC use. 13 This suggests that MSNA during the placebo phase does not equate to MSNA reported during the early follicular phase of the natural menstrual cycle. Middlekauff et al 7 investigated ambulatory blood pressure, MSNA levels, and baroreceptor control of MSNA in women both on and off OCs across a 28-day cycle. Although it appears that there may be differences in MSNA between women taking OCs during the active pill phase and women with natural menstrual cycles during the midluteal phase, this possibility has not been studied directly. In addition, although it is well documented that blood pressure increases with the initiation of OC use, 4, 13 it is yet to be determined whether MSNA, measured directly, is altered when a woman with a natural menstrual cycle begins taking an OC.
When we initiated this analysis, we hypothesized that both blood pressure and MSNA would be higher in OC users in comparison with women with natural menstrual cycles. The fact that blood pressure was higher while MSNA was similar raises the possibility that OC use limits the ability of baroreflexes to suppress sympathetic activity. This also suggests that OC use alters the overall relationship between blood pressure and MSNA. In this context, an acute increase in diastolic or mean arterial blood pressure of 3 to 5 mm Hg is usually experimentally sufficient to abolish MSNA in healthy young subjects. 50, 51 Thus, although MSNA did not differ between OC users and nonusers, it was perhaps unexpectedly high in women taking OCs given the differences in arterial pressure.
In our previous study, Hart et al 14 determined that MSNA, CO, and TPR were different between young premenopausal women and older postmenopausal women, and the relationships between these variables were different between groups. Specifically, CO was found to be lower in postmenopausal women, whereas MSNA and TPR were greater. Also, positive relationships existed between MSNA and MAP, as well as MSNA and TPR, in postmenopausal women, whereas there were no relationships between these variables in young women. Importantly, these relationships observed in postmenopausal women were similar to the relationships in young men, highlighting the potential effect of female sex hormones. Earlier studies suggest that endogenous female sex hormones may modulate the relationship between these cardiovascular factors and decrease a young woman's susceptibility to hypertension development. 14, 15 However, the group of young women in the study by Hart et al 14 consisted of women with both natural menstrual cycles (n=7) and taking OCs (n=11).
In the present study, we found no association between MSNA and CO or TPR in either group. Although we noted a positive relationship between MSNA and MAP in women with normal menstrual cycles, the correlative value was weak (r=0.27; P=0.02), and we are hesitant to draw any conclusions based on this observation. Therefore, in light of these current findings, the overall conclusion from the study by Hart et al 14 would not be dramatically altered. That is, it is reasonable to conclude from both reports that, in young women with natural menstrual cycles, large individual differences in MSNA do not result in drastic changes in MAP.
Limitations
There are several limitations to this study. First, because of methodological differences between sites, detailed hemodynamic variables were unattainable for all women in our cohort. The subset of women in which hemodynamic variables were available had different characteristics than the overall group, including differences in age and MSNA, but no differences in blood pressure. However, MSNA did not differ when adjusted for age.
Second, methodological consistency related to microneurography may be difficult to control across different studies within institutions. However, all laboratories contributing material to this study are highly experienced and follow what might be called a standard technique for human microneurography, and thus, the intrasubject repeatability of the technique is high 52 (a statistical comparison of participant baseline characteristics, blood pressures, and MSNA levels by institution is provided in Table S3) Third, the women in this study were taking a variety of OC formulations, and because of the retrospective nature of this project, we were unable to control for this variable. However, studying a sample of women taking a single type of OC may be problematic when generalizing results to a wider population. In addition, the use of the same OC across all individuals does not guarantee that plasma estrogen and progesterone levels would be homogenous among the women, as pharmacokinetics and pharmacodynamics related to OCs may differ between individuals. 53 Importantly, a subanalysis of women on the 3 main formulations of OCs in this study showed no major effects on blood pressure or MSNA. Other factors unknown to us about our sample include duration of OC use and reason for OC use, which could potentially input selection bias into our data set. Finally, the women in the current study were all relatively lean, healthy whites so our findings may not extend to women of different races. Obesity and other metabolic or endocrine disorders might alter how endogenous and exogenous hormones influence the relationships investigated in these studies.
Perspectives
Women taking OCs have higher blood pressure than women with natural menstrual cycles who are not taking OCs. MSNA at rest, as well as CO and TPR, is similar between these 2 groups of women. The fact that MSNA was not lower in the face of elevated blood pressure in OC users raises questions about how exogenous hormones influence neurovascular control of the circulation perhaps via activation of the reninangiotensin-aldosterone system by OCs. In addition, our results were observed during the placebo phase of OC use and the early follicular phase of the menstrual cycle. Thus, much remains unknown about the interactions among exogenous and endogenous female sex hormones, MSNA, and hemodynamics across all phases of the menstrual cycle or OC use.
In addition, information on OC use (past and present), type, and duration is frequently not reported and taken into consideration when studying MSNA and blood pressure regulation in women. These observations highlight the need to include information on sex, hormone, and reproductive factors in research studies and the importance of sex-specific physiology, treatment, and health outcomes. [54] [55] [56] [57] [58] What Is New?
• Despite having higher blood pressure, women taking oral contraceptives (OCs) have similar baseline muscle sympathetic nerve activity, cardiac output, and total peripheral resistance as women with natural menstrual cycles who are not taking OCs.
• No significant relationships exist between muscle sympathetic nerve activity and mean arterial pressure, cardiac output, or total peripheral resistance in women taking OCs or women with natural menstrual cycles.
What Is Relevant?
• Up to 80% of women take OCs during their lifetime and further research is needed to better understand how OCs affect blood pressure regulation and the autonomic nervous system in health and disease.
Summary
Women taking OCs have higher blood pressure but similar muscle sympathetic nerve activity, cardiac output, and total peripheral resistance in comparison with women with natural menstrual cycles who are not taking OCs. 
Novelty and Significance
